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Two phenylcarbenes, chlorophenylcarbene (CPC) and triﬂuoromethylphenylcarbene (TFPC), were
generated by jet ﬂash pyrolysis of diazirine precursors. Their photoionisation was studied by
photoelectron–photoion coincidence spectroscopy using synchrotron radiation. For CPC we
determined an adiabatic ionisation energy (IE) of 8.15 eV and a vertical IE of 9.3 eV. For TFPC
we obtained an adiabatic IE of 8.47 eV and a vertical IE of 8.95 eV. The photoelectron spectra
are broad and unstructured due to a large increase in the angle between the phenyl group,
carbene centre and the substituent (Cl or CF3). The geometry change upon ionisation is more
pronounced for CPC. Being a singlet arylcarbene, CPC is more strongly bent in the neutral
ground state than the triplet TFPC. In addition, the bond between the carbenic centre and the
chlorine atom shortens upon ionisation, because the radical cation is stabilised by the
non-bonding electrons of the Cl through a mesomeric eﬀect. The photoionisation and
dissociative photoionisation of the diazirine precursors are also explored. The CPC precursor,
3-chloro-3-phenyldiazirine, undergoes complete dissociative photoionisation and only the CPC+
fragment is observed above 8.8 eV. For 3-triﬂuoromethyl-3-phenyldiazirine some molecular ions
can be observed above 9.05 eV. However, dissociative photoionisation also sets in right at the
ionisation threshold. A ﬁt to the data yields an appearance energy of AE (0 K) E 9.27 eV.
Introduction
In this paper we present a study on the photoionisation of two
phenylcarbenes, chlorophenylcarbene (CPC) and triﬂuoro-
methylphenylcarbene (TFPC), and on the dissociative photo-
ionisation of their corresponding diazirine precursors, CP-N2
and TFP-N2.
Ionisation and appearance energies (IE and AE) are
important gas phase thermochemical properties since they
permit the derivation of other quantities, such as binding
energies or heats of formation.1,2 However, for reactive inter-
mediates such as radicals and carbenes, they are diﬃcult to
obtain because a clean generation of the intermediates at a
number density suﬃcient for photoionisation experiments is
challenging. Although accurate IE values have been computed
for some small radicals at a high level of theory,3 calculations
with chemical accuracy are computationally expensive and
inadequate for larger molecules. In previous studies we have
shown that an excellent experimental approach is the genera-
tion of reactive intermediates by ﬂash pyrolysis with sub-
sequent ionisation by synchrotron radiation (SR). Synchrotron
beamlines provide short-wavelength radiation tunable over a
large energy range and are thus well suited for experiments on
species with unknown ionisation properties. For instance, the
thresholds for the dissociative ionisation of allyl, ethyl and
propargyl species have been identiﬁed in earlier experiments.4–6
Here, this work is extended to two phenylcarbenes. Carbenes
with their large number of low-lying electronic states consti-
tute model systems for non-adiabatic interactions and serve
as benchmarks for computational methods.7 Therefore we
recently studied several phenylcarbenes by femtosecond time-
resolved photoelectron spectroscopy and obtained detailed
insight into their excited state dynamics.8 It showed, however,
that the information available from the femtosecond spectra
was limited by the lack of data on the ionic ground state. We
therefore measured adiabatic and vertical ionisation energies
for chlorophenylcarbene (CPC) and triﬂuoromethylphenyl-
carbene (TFPC), both species depicted in Scheme 1, by
photoelectron and photoion imaging using SR as the photon
source. In particular CPC serves as a model for carbene
chemistry in general. A reasonable amount of experimental
data exists for the neutral ground state as well as the kinetics
Scheme 1 Both phenylcarbenes are generated by jet ﬂash pyrolysis of
diazirines.
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of several condensed-phase reactions.9–11 The electronic struc-
ture of the neutral ground state has been computed by ab initio
methods.12 While chlorophenylcarbene has a singlet ground
state,12 triﬂuoromethylphenylcarbene has a triplet ground
state, as shown by ESR-experiments13 and conﬁrmed by
computations performed by our group.14
In the case of diazirines, additional interest arises from their
application in photoaﬃnity labelling, where photochemical
activation induces the loss of nitrogen from functionalised
diazirine precursors generating carbenes, which then form
covalent bonds with speciﬁc target receptors.15 The properties
of diazirines are thus of considerable interest in their
own right.
Experimental
Experiments were carried out at the DESIRS beamline of the
SOLEIL storage ring in St. Aubin (France), which was
partially transferred from the SU5 beamline at Super
ACO.16 The storage ring was operating in multi-bunch mode
with 3/4 ﬁlling. The electromagnetic undulator OPHELIE2
provides tunable radiation in the energy range between 5 and
40 eV.17 The wavelength is selected by a normal incidence
monochromator with a focal length of 6.65 m.16 The newly
added monochromator grating (200 gr mm1) was employed,
which provides a high photon ﬂux with a photon resolution of
5 meV at 9 eV photon energy with a 100 mm exit slit. In the
scanned energy range (7–10 eV) a photon ﬂux of more
than 1012 photons s1 was available. The higher harmonics
originating from the undulator were eliminated by a gas ﬁlter
ﬁlled with Ar.18 The pressure of argon in the gas ﬁlter was set
to 0.23 mbar, which corresponds to an attenuation factor of
around 100.
Experiments were performed in the diﬀerentially pumped
vacuum chamber SAPHIRS19 and various techniques were
used to study the photoionisation of carbenes cooled in a free
jet. In particular the (threshold) photoelectron–photoion
coincidence ((T)PEPICO) technique was applied.20,21
The SAPHIRS chamber is equipped with a velocity map
imaging (VMI)22 device coupled to a Wiley–McLarenTOF
spectrometer (DELICIOUS II).23 Brieﬂy, electrons and ions
were extracted from the interaction region by static ﬁelds of
either 95 or 190 V cm1 and detected on an imaging detector
equipped with a delay line anode.24 Ions were further accele-
rated with static ﬁelds of 333 or 666 V cm1 which were chosen
to achieve time focusing according to the Wiley–McLaren
conditions. Detection of an electron opens a time gate for
ion detection, permitting to register them in coincidence with
electrons.
TPEPICO spectra were obtained by scanning the photon
energy over the ionisation threshold in either 10 or 4 meV
steps, while recording the ion signals in coincidence with
threshold electrons, which were selected with an energy
resolution of 3–10 meV. The resulting spectra were normalised
by the photon ﬂux given by a calibrated gold grid situated
before the experimental chamber.
In addition to the TPEPICO measurements, photoelectron
images were recorded at ﬁxed photon energies. The subsequent
treatment of these images with the pBasex algorithm25 yielded
the conventional photoelectron spectra (PES).
A continuous molecular beam was used in all the experi-
ments. The design of the pyrolysis source is described else-
where.26 A heated SiC tube was mounted onto a faceplate of a
General Valve, employing a faceplate with a 0.1 mm oriﬁce,
operated without poppet and augmented by a water cooling
system. Two electrodes were ﬁxed as near as possible at the
end of the SiC tube to minimise bimolecular reactions.
3-Triﬂuoromethyl-3-phenyldiazirine (TFP-diazirine, TFP-N2)
and 3-chloro-3-phenyldiazirine (CP-diazirine, CP-N2) were
used as precursors. It is known that diazirines are ideally suited
to generate carbenes.27 The compounds were synthesised
following literature procedures.28,29 Both precursors were
seeded in 0.5 bar (absolute) of Ar and expanded through the
SiC tube. The heating power was adjusted for optimal precursor
conversion. In all experiments the SiC tube was only weakly
heated (faint red glow), and low temperatures proved to be
suﬃcient for complete conversion of the precursor. The
quality of the molecular beam was optimised and veriﬁed by
ion velocity map imaging, where the image shows the amount of
supersonic fast ions with respect to the thermal background.
The ratio of supersonic to thermal was maximised by the
distance and alignment of the nozzle with respect to the
skimmer.
Results and discussion
(a) Mass spectra
In experiments on reactive intermediates it has to be checked
whether the species of interest is formed cleanly. Therefore
mass spectra of the precursors have been recorded at photon
energies above the ionisation threshold of the carbenes. Fig. 1
shows mass spectra of TFP-diazirine, recorded at a photon
Fig. 1 Mass spectra of TFPC+ with pyrolysis oﬀ (upper trace) and
on (lower trace), corresponding to 100 s averaging. The lower graph
shows that almost quantitative conversion of the precursor is achieved
and no side products are visible.
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energy of 9.2 eV. Without pyrolysis (upper trace) the spectrum
is dominated by the diazirine precursor (m/z = 186). Some
dissociative photoionisation occurs, as shown by the signal at
m/z = 158 which corresponds to the carbene fragment
TFPC+. In addition, a signal appears at m/z = 372 which is
attributed to a weakly bound diazirine dimer. This indicates
that the temperature in the beam is suﬃciently low to permit
cluster formation. The argon signal was due to the presence of
some second harmonic radiation that was not absorbed by the
gas ﬁlter and served as a mass reference. When the pyrolysis is
turned on (lower trace), the carbene signal increases signiﬁ-
cantly and dominates the mass spectrum. Note the diﬀerent
y-scale in the two traces of Fig. 1. Almost quantitative conver-
sion of the diazirine precursor is achieved and no side products
are visible. The relative increase in the ion signal indicates either
a large ionisation cross section of the carbene or a large
contribution of neutral dissociation in the diazirine, which
competes with ionisation. In Fig. 2 the mass spectra of CPC
are depicted. Due to a shorter accumulation time the signal-
to-noise ratio is signiﬁcantly lower than in the case of TFPC.
In the mass spectrum without pyrolysis (upper trace) a carbene
signal is visible, but no precursor signal. This indicates
complete dissociative photoionisation at this wavelength. When
the pyrolysis is turned on, an additional signal at mass
m/z = 41 appears, which is attributed to allyl, C3H5
+, and is
due to the pyrolysis of residual C3H5I which was used
in calibration experiments. A small signal also appears at
m/z = 89 and corresponds to C7H5
+ (Cl-loss from carbene).
It is presumably a side product from the pyrolysis and does
not originate from dissociative photoionisation of the
precursor. The signal was too small to be analysed any further.
At ﬁrst glance it is not evident whether the CPC+ with
pyrolysis turned on does indeed originate from pyrolysis of the
diazirine. However, recording ion images did aid in the
optimisation of carbene generation. Fig. 3 shows an ion image
with pyrolysis on, recorded at 9 eV. The CPC+ has a narrow
kinetic energy distribution which is comparable to that of the
Ar along the direction perpendicular to the molecular beam.
Thus we conclude that no CPC+ fragments coming from
dissociative ionisation are evident at 9.0 eV, since they would
appear in the ion imaging as outer, concentric rings around the
parent. Similar observations were made for TFP-N2. There-
fore we were able to ensure complete conversion of the
precursor in all experiments by monitoring the ion images.
This has been discussed in detail elsewhere.14
(b) Dissociative photoionisation of diazirines
In order to understand the ionisation of reactive intermediates,
the dissociative ionisation of the precursor has to be investi-
gated ﬁrst, because this process may provide an additional
source of the reactive species. In experiments on TFP-diazirine
without pyrolysis we monitored the ion signal of all masses
present in the mass spectrum of Fig. 1 (upper trace) as a
function of photon energy. The resulting data are shown in
Fig. 4. At each photon energy data were averaged for 7s. The
signals of both the diazirine precursor and the carbene increase
Fig. 2 Mass spectra of CPC+ with pyrolysis oﬀ (upper trace) and on
(lower trace). Both spectra were averaged for 25 s. Again almost
quantitative conversion of the precursor is achieved and no side
products are visible. No signal from the diazirine precursor is
discernible, indicating complete dissociative photoionisation. The
signal at m/z = 41 originates from earlier calibration experiments
with C3H5I.
Fig. 3 Ion image of CPC with the pyrolysis on recorded at 9 eV. The
narrow kinetic energy distribution indicates that carbene originates
from pyrolysis and not from dissociative photoionisation. This way
complete conversion of the precursor in the pyrolysis could be ensured.
Fig. 4 Ion yield curves of the masses appearing in the photoionisa-
tion of the TFP- N2, pyrolysis oﬀ. Dissociative photoionisation at the
ionisation threshold around 9.05 eV is evident.
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above 9.05 eV. Part of the diazirine had dissociated already at
the ionisation threshold according to the reaction
TFP-N2 + hn- TFPC
+ + N2 + e
 (1)
The ionisation of the precursor dimer sets in slightly earlier, at
around 8.9 eV, and stays at a low level up to 9.5 eV.
More energetically accurate data can be obtained when only
ions detected in coincidence with threshold or near-threshold
electrons (TPEPICO) are recorded. In this way, the internal
energy deposited onto the parent ion is precisely known. For
further data analysis we selected only ions that were associated
with threshold electrons, detected with a kinetic energy resolu-
tion of 10 meV. Fig. 5 shows a breakdown diagram of the
TFP-N2 parent ion and the TFPC fragment ion. Due to noise
in the data a ﬁve-point average is plotted in the ﬁgure and the
fractional abundance in the low and high photon energy limits
deviates from 0 or 100%, respectively. It can be observed that
the signal rise is much steeper and does not increase any
further beyond 9.3 eV. The detailed analysis of such break-
down diagrams is described in the literature.30–32 Since in our
experiments the noise level is high and the temperature in the
beam is not well known, we employed a simpliﬁed approach:
we ﬁtted the decay of the parent ion signal and the baseline
signal at high photon energies by a straight line and assumed
that the crossing point of the two lines around 9.30 eV
constitutes the 0 K appearance energy. However, the smooth-
ing of the data will modify the steepness of the step and move
the crossing point to higher energies. The inﬂuence of this term
can be calculated by multiplying the scan step size (10 meV) by
2.5 due to the ﬁve-point average, leading to a 25 meV shift. In
addition, the 10 meV electron energy resolution has to be
taken into account. We therefore arrive at an approximated
appearance energy of AE (0 K) E 9.27 eV.
The ion yield of the CPC+ fragment from CP-N2, detected
in coincidence with threshold electrons, is depicted in Fig. 6.
No signal from the precursor was observed, indicating a
complete dissociative ionisation of the diazirine according to:
CP-N2 + hn- CPC
+ + N2 + e
 (2)
Dissociative photoionisation sets in above 8.8 eV. Since the
onset is probably determined by Franck–Condon factors, no
meaningful appearance energy can be extracted. Note that it is
not possible with our apparatus to extract a kinetic energy
release from the time-of-ﬂight peak widths that would help us
to extract a meaningful AE (0 K).
(c) Computations
To aid in the interpretation of the experiment, we carried out
hybrid density functional theory (DFT) computations. We
employed the B3LYP correlation functional33 with a
6-311++G** basis set as implemented in the Gaussian 03
program package34 and used the tight convergence criteria
with an ultraﬁne grid. The geometry optimisation used the
modiﬁed GDIIS algorithm.35 This method is known to give
good results for calculations on phenylcarbenes12 and showed
negligible spin contaminations in our computations. For both
carbenes the geometry of the neutral and the ionic ground
states was computed.36 While Cs symmetry was found in both
neutral and cationic ground states of CPC, TFPC has no
symmetry due to a slight torsion of the CF3 group out of the
mirror plane. However, the torsional barrier of the CF3 group
is low, thus we expect an eﬀective Cs symmetry as well. In CPC
the highest occupied molecular orbital (HOMO) can be
described as an sp2-orbital at the carbene centre.12 In the
triplet ground state of TFPC one electron is promoted to
the C(1) p-orbital, which interacts with the aromatic p-system.
Upon ionisation, the electron is removed from the latter
orbital. The geometric parameters that show the biggest
change in the ionisation process are summarised in Table 1.
Fig. 5 Breakdown diagram of the TFP-N2
+/TFPC+ ions detected in
coincidence with threshold electrons. Data analysis yields an approxi-
mate appearance energy AE0K E 9.27 eV.
Fig. 6 The signal of CPC+ fragment ions detected in coincidence
with threshold electrons appearing in the photoionisation of
CP-diazirine, pyrolysis oﬀ. The precursor undergoes complete
dissociative ionisation. The process sets in above 8.8 eV.
Table 1 The most important geometry parameters and vibrational
wavenumbers for the neutral and cationic ground states of the two
carbenes, calculated at B3LYP/6-311++G** level of theory
CPC CPC+ TFPC TFPC+
R(C(1)–C(2))/A˚ 1.45 1.37 1.39 1.35
R(C(1)–X)/A˚ 1.75 1.62 1.46 1.50
y (C(1)–C(2)–X) 112.51 137.31 137.51 142.51
n(C(1)–C(2)–X bent)/cm
1 200 145 89 114
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These are the bond length between the carbene centre C(1) and
the neighbouring carbon atom in the phenyl ring C(2),
R(C(1)–C(2)), see Scheme 1 for the labelling of the atoms, the
bond length between C(1) and the substituent X (which is either
Cl or the carbon of the CF3 group), R(C(1)–X), and the angle y
between C(1), C(2) and X, y(C(1)–C(2)–X). Changes in the
phenyl group are of minor importance in the photoionisation
process. In CPC, upon removal of an electron, the angle y
increases signiﬁcantly from 112.51 to 137.31. In TFPC, on the
other hand, y increases only from 137.51 to 142.11. In addition
one ﬁnds changes in the bond length upon ionisation. There is
a pronounced reduction in both bond lengths in CPC. In
TFPC, on the other hand, the bond length between C(1) and
the CF3 group increases slightly, while R(C(1)–C(2)) also
decreases. Based on the calculations, we expect the
C(1)–C(2)–X bending vibration to be the most important
low-wavenumber vibration in both species. In the cation,
wavenumbers of 114 and 145 cm1 were computed for this
mode in TFPC and CPC, respectively. There are other low-
wavenumber vibrations in both carbenes and cations, but
most of them cannot be assigned to a simple bond change.
Since the cations of both carbenes are open-shell systems,
low-lying excited electronic states can be expected. In fact, a
number of electronically excited states were computed by time-
dependent density functional theory (TD-DFT) to lie between
roughly 2 and 3 eV above the ionic ground state in both
carbenes. However, none of them is low enough in energy to
play a role in the energy region investigated here. The adia-
batic ionisation energies were obtained from the diﬀerence
between the zero point energies of the fully optimised structure
of the neutral carbene and its cation. The vertical IE values
were calculated using the neutral ground state equilibrium
structure for both species. The computed adiabatic and
vertical ionisation energies are 7.41 eV and 8.20 eV for CPC,
and 7.93 eV and 8.15 eV for TFPC. All experimental and
computational values are summarised in Table 2.
We also computed the geometry of the neutral and ionic
ground states of both diazirine precursors. We identiﬁed
energy minima on the ionic ground state surface of both
diazirines, although the dissociation to a carbene cation plus
N2 was computed to be exothermic (79 and 136 kJ mol
1 for
TFP+-N2 and CP
+-N2, respectively). The HOMO of both
extends over the whole molecule, including the NQN double
bond as well as the phenyl ring. In CP-diazirine the distance
between C(1) and the NQN moiety increases upon ionisation
from 1.46 A˚ to 1.57 A˚. In addition, R(C(1)–C(2)), R(C(1)–X)
and R(NQN) shorten signiﬁcantly (cf. Table 1), indicating a
tendency to ring cleavage and liberation of the N2-group.
In TFP-diazirine the same tendencies are observed, as
summarised in Table 3. However, the C(1)–CF3 bond length
increases slightly upon ionisation, whereas in CP-diazirine a
signiﬁcant decrease in the C(1)–Cl bond length is calculated.
(d) Ionisation energies of carbenes
A major goal of the measurements was to determine the
vertical and adiabatic ionisation energies of both carbenes.
Therefore a velocity-mapped photoelectron image of TFPC
was recorded at a photon energy of 9.3 eV, and data were
accumulated for 1345 s. Only electrons that arrived in coin-
cidence with a TFPC cation were considered in the data
analysis. Since no anisotropies were visible in the data, the
image was averaged over all angles and converted through
Abel inversion to a conventional photoelectron spectrum,
depicted in Fig. 7. It consists of a broad and unstructured
band, indicating a considerable geometry change upon
ionisation. The signal starts to rise at around 0.9 eV from
which an adiabatic IE of 8.4 eV could be derived. From the
band maximum at 0.35 eV we derive a vertical ionisation
energy: IEvert = 8.95  0.05 eV.
Adiabatic ionisation energies can in principle be obtained
from a Franck–Condon (FC) simulation37 to the photo-
electron spectrum. We carried out such a FC-simulation using
the minimum energy geometries for neutral and cationic
ground states obtained from the ab initio computations. Due
to the size of the molecule only a region of 0.5 eV was
simulated and the number of simultaneously excited modes
had to be restricted to 7. The resulting stick spectrum is given
for comparison in Fig. 7. It is based on an adiabatic IE of
8.4 eV. As visible it ﬁts the experimental spectrum only
Table 2 Summary of ionisation energies for chlorophenylcarbene
(CPC) and triﬂuoromethylphenylcarbene (TFPC). All values are given
in eV
IEad (exp.) IEvert (exp.) IEad (comp.) IEvert (comp.)
CPC 8.15 9.30 7.41 8.20
TFPC 8.47 8.95 7.93 8.15
Table 3 The most important geometry parameters for the diazirine-
precursors and their corresponding cations, calculated at
B3LYP/6-311++G** level of theory
CP–N2 (CP–N2)
+ TFP–N2 (TFP–N2)
+
R(C(1)–N2)/A˚ 1.46 1.57 1.48 1.56
R(C(1)–C(2))/A˚ 1.49 1.43 1.49 1.43
R(C(1)–X)/A˚ 1.77 1.71 1.51 1.53
R(NQN) 1.23 1.18 1.22 1.18
Fig. 7 From the photoelectron spectrum of TFPC we extract a
vertical ionisation energy of 8.95 eV. A Franck–Condon simulation,
based on the computed geometry and an IEad = 8.4 eV, is depicted for
comparison.
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approximately and the simulation underestimates the spectral
intensity at energies close to the ionisation threshold. As
expected, there is signiﬁcant activity in the C(1)–C(2)–CF3
bend, but in addition some other low-frequency modes are
active as well, including the CF3 torsion. Due to the presence
of several low-frequency modes and combination bands and
the ﬁnite vibrational temperature, a resolution of the vibra-
tional structure was not possible. Due to the large number of
degrees of freedom, the poorly known vibrational temperature
with pyrolysis and the absence of a suitable reference point,
i.e. a well characterised neutral ground state, an optimisation
of the experimental spectrum is diﬃcult and the value of 8.4 eV
constitutes only an approximate IEad.
A more accurate value for IEad is possibly obtained from the
ion yield spectrum given in Fig. 8. At the ionisation threshold
autoionising states are easily excited and contribute to the ion
signal.38 Thus an ion signal can often be observed even when
the Franck–Condon factors are small and ion yield spectra
provide an independent test for the accuracy of an IE deter-
mined by PES. In conventional photoelectron spectroscopy
the photon energy is in general signiﬁcantly higher than the
ionisation energy and autoionising states close to threshold do
not contribute to the signal. The ion signal in Fig. 8 was ﬁtted
by a Wannier-type threshold law,39 indicated by the solid line.
Its crossing point with the baseline, marked by an arrow,
yields the adiabatic ionisation energy IEad = 8.47 eV. Signal
below this value can be assigned to ionisation of vibrationally
excited carbene. The IEad obtained from the ion yield spectra
is in reasonable agreement with the one derived from the
photoelectron spectrum, given the size of the molecule.
For CPC we recorded a photoelectron image with pyrolysis
at 9.5 eV photon energy. Again only electrons arriving
in coincidence with CPC+ are considered. We derived an
IEvert = 9.3 eV from the photoelectron spectrum, which is
given as an inset in Fig. 9, despite the inferior signal-to-noise
ratio. As for TFPC the photoionisation eﬃciency curve was
analysed to get information on the adiabatic IE, depicted in
the main part of Fig. 9. From the crossing of the line obtained
in the Wannier-ﬁt with the baseline we obtain an approximate
adiabatic ionisation energy of IEad = 8.15 eV. The diﬀerence
between the adiabatic and the vertical ionisation energies is
thus much larger for CPC than for TFPC.
Discussion
In both carbenes the C(1)–C(2)–X angle y increases signiﬁcantly
upon ionisation. Since singlet arylcarbenes are usually bent
stronger than triplet carbenes,12 this increase is more
pronounced in CPC. The diﬀerence in the angle y can be
understood within a valence shell electron pair repulsion
(VSEPR) model of the carbenes40 and is thus expected within
the simple pictures of organic chemistry. The reduction of
R(C(1)–C(2)) upon ionisation can be explained by a delocalisa-
tion of the positive charge over the aromatic ring. Thus
R(C(1)–C(2)) gains more double bonding character. In contrast,
the change in R(C(1)–X) is opposite in the two carbenes. In
CPC the non-bonding electrons on the chlorine atom can also
interact with the aromatic system and the empty p-orbital on
C(1). In the cation the chlorine donates electrons into this
p-system and thus mesomerically stabilises the positive charge
on C(1), leading to an increase in the C(1)–Cl bond strengths
and a shortening of the bond length. In contrast, a mesomeric
stabilisation is not possible for the strong electron with-
drawing group X = CF3. Since ﬂuorine is the most electro-
negative element, the carbon of the CF3 group will hold a
strong positive partial charge. This introduces an additional
Coulomb repulsion in the cation, increasing the C(1)–CF3 bond
length, which cannot be compensated by a hyperconjugative
interaction of the C–F bond with the cationic centre. Due to
the large geometry changes, Franck–Condon factors vanish
around the adiabatic ionisation threshold and the diﬀerence
between IEad and IEvert is signiﬁcant in both carbenes. This is
reﬂected in the Franck–Condon simulations shown in Fig. 7.
In agreement with the computations this diﬀerence is even
more pronounced in CPC than in TFPC, rendering it even
more diﬃcult to identify the adiabatic IE. However, as shown
in Table 2, the experimentally obtained IEad and IEvert values
diﬀer more than the computed values. The computations also
underestimate the adiabatic ionisation energies of both
carbenes by more than 0.5 eV, the vertical one by almost or
more than 1 eV. We thus conclude that (a) the geometry
Fig. 8 From the photoionisation eﬃciency curve of TFPC+ an
IEad = 8.47 eV can be extracted.
Fig. 9 From the photoionisation eﬃciency curve of CPC+ an
IEad = 8.15 eV can be extracted. The photoelectron spectrum, derived
from the VMI photoelectron image, is given as an inset and yields
IEvert = 9.3 eV.
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change upon ionisation is probably even larger than computed
and (b) DFT computations do not yield ionisation energies
with chemical accuracy for the species under investigation. For
CPC the computed numbers deviate more from the experi-
mental data than for TFPC. It should be noted that the DFT
method employed agrees quite well with experiments for
neutral CPC.8,12 This indicates that the description of the
ion has to be improved for better ionisation energies. Note
that the photoionisation of carbenes is unique, because both
neutral and cation CPCs are open-shell systems. The IE values
computed by simple DFT do not constitute a good starting
point for experiments, while high-level ab initio methods
cannot yet be applied to molecules of that size. The data thus
illustrate the advantages of using a broadly tunable light
source for photoionisation experiments on large carbenes.
The smaller diﬀerence between IEad and IEvert values found
for TFPC both experimentally and computationally conﬁrms
that this carbene is indeed formed in its triplet ground state in
the pyrolysis, because for singlet TFPC a change in y very
similar to CPC would be expected. Vibrational resolution was
not achieved in the photoelectron spectra, because several
low-frequency modes are active in both carbenes.
The diﬀerent behaviour of the two diazirine precursors is also
of interest. For simple diazirine, c-CH2N2, a photoelectron
spectrum was reported in the literature41 and numerous ionic
states were identiﬁed. In contrast, CPC undergoes complete
dissociative photoionisation, while for TFPC at least some
molecular ions are formed at the ionisation threshold. Hybrid-
DFT computations yielded a stable minimum on the ionic
ground state surface for both diazirines. However, in c-CH2N2
the lowest ionisation energy corresponds to electron ejection
from a nitrogen lone-pair which is not associated with a big
change in the binding properties. In the phenyldiazirines, on the
other hand, the HOMO is computed to extend over the whole
molecule. As visible in Table 3 several bond lengths change upon
ionisation. In the three-membered ring the C–N bonds are
weakened, while the NQN binding increases. Thus the stability
of the ring decreases in the ion and the thresholds for ionisation
and dissociative ionisation become close. As shown in Table 3,
the geometry change upon ionisation is larger for CP-diazirine.
In particular a signiﬁcant decrease in the C(1)–Cl bond lengths is
computed. Note that there is no experimental evidence for a
stable molecular ion, although computations yielded an energy
minimum, but it is possible that suﬃciently large Franck–
Condon factors exist only for states close to or above the
threshold for dissociative ionisation. In TFP-diazirine the
geometry change is not as pronounced; subsequently some
molecular ions can be observed.
One can also illustrate the diﬀerent behaviour of the two
diazirine cations within the pictures of organic chemistry:
qualitatively, the loss of N2 will result in an sp
2 centre on
C(1). The chlorine atom will stabilise both the product and the
pathway to product formation through a mesomeric eﬀect and
thus facilitate the loss of nitrogen by lowering the barrier to
dissociation. No such promotion of carbene formation is
provided by the CF3 group, which in contrast has an electron
withdrawing eﬀect. The same argument would hold for neutral
diazirines. In fact, neutral TFP-diazirine is stable and used for
photolabelling (vide supra), while CP-diazirine is explosive.
In principle, binding energies of neutral molecules can be
derived from ionisation and appearance energies through
thermochemical cycles, provided that dissociation in the ion
proceeds barrierless. From the AE (TFP-N2
+, TFPC+) and
the IE of TFPC one could derive a binding energy for neutral
TFP-N2. However, the decomposition of the neutral diazirines
is generally known to be strongly exothermic. In addition, our
computations indicate the existence of a reverse barrier for the
reaction TFPC+ + N2. Any value for the binding energy of
the neutral thus has to be considered unreliable. From the IE
of the TFP-N2 we calculate an energy barrier of 0.3 eV for the
dissociation of TFP-N2
+.
Summary
The photoionisation of two phenylcarbenes, chlorophenyl-
carbene and triﬂuoromethylphenylcarbene has been explored
using tunable synchrotron radiation in the VUV range.
Carbenes have been generated cleanly by jet ﬂash pyrolysis
in a continuous beam, as demonstrated by time-of-ﬂight mass
spectra and ion images. Due to the large geometry change
upon ionisation the photoelectron spectra, derived from
velocity-mapped photoelectron images, are broad and
unstructured and show no vibrational resolution. Adiabatic
ionisation energies have been extracted from ion yield spectra,
IEad(CPC) = 8.15 eV and IEad(TFPC) = 8.47 eV. For TFPC
it is in reasonable agreement with the value obtained from a
Franck–Condon simulation of the photoelectron spectrum
(8.4 eV), but we believe that the IEad from ion yield spectra
is more accurate. The vertical ionisation energies lie at
IEvert(CPC) = 9.30 eV and IEvert(TFPC) = 8.95 eV. In
computations on CPC one ﬁnds not only a large increase in
the angle y, but also a signiﬁcant reduction in the C–Cl bond
length, indicating that the non-bonding electrons of the
chlorine atom interact with the p-system of the cation of the
carbene. In TFPC the geometry change is also pronounced,
but not as large. The adiabatic and vertical ionisation energies
are underestimated by more than 0.5 eV in the calculations,
showing the advantages of a broadly tunable light source for
photoionisation studies of carbenes.
In addition, the diazirine precursors were investigated. It
was found that chlorophenyldiazirine undergoes complete
dissociative photoionisation to CPC+ and N2. This process
starts at around 8.80 eV. In experiments on triﬂuoromethyl-
phenyldiazirine some molecular ions were detected above
9.05 eV. However, dissociative ionisation to TFPC+ + N2
also sets in right at this energy. From a ﬁt to the data an
appearance energy of 9.27 eV was derived for the dissociative
photoionisation of TFP-diazirine.
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